INTRODUCTION
The objective of this research was to study corrosion of iron-based alloys in selected supercritical fluids (SCFs) under conditions applicable to extractive metallurgy. This work was in support of a research program in SCF extractive metallurgy conducted at the Salt Lake City
Research Center (SLRC) of the Bureau of Mines. Integrated studies were carried out in the areas of corrosion, thermodynamic modeling, and electrochemistry under pressure and temperature conditions appropriate for SCF extractive metallurgy. The research reported here was a collaborative effort between the Idaho National Engineering Laboratory (INEL) and the University of Idaho.
Two primary fluids were studied carbon dioxide and water. The materials chosen for evaluation in the initial studies were Types 304 and 316 (UNS S30400 and S31600) stainless steel (SS). Test results for these materials provided baseline corrosion information to which the corrosion behavior of other materials could be compared. Later tests included iron; AISI-SAE 1080 (UNS G10800) carbon steel (CS) was also used in the water studies.
In parallel with the experimental studies, thermodynamic modeling of metal corrosion in water at SCF conditions was carried out. The modeling effort led to the development of a personal computer (PC) program for generating the high-temperature Pourbaix diagram for a specified system from existing ambient condition thermodynamic data and established procedures for extrapolating to SCF condifions. Variables considered in the model include the properties of the material and composition of the fluid. The results of the experimental corrosion studies have been used to evaluate the predictions of the model.
The following sections present background on SCFs, describe the experiments and modeling, and discuss the results.
BACKGROUND
Supercritical fluids have promise for leaching metal values from ores while generating a minimal amount of hazardous waste. For this research, an SCF is defined as a fluid that has been raised simultaneously above both its critical temperature and critical pressure. In this region, a single homogeneous phase exists-the fluid is essentially a very dense gas. In general, SCFs have physical properties that are intermediate between those of a gas and a typical organic liquid.
Therefore, SCFs have potential as solvents in advanced separations and processing operations. As solvents, they have advantages over either gases or liquids. The high diffusivity of SCFs provides high mass transfer rates, in contrast to the limitations imposed by the moderate to low diffusion and mass transfer rates of liquids. Thus, process kinetics are typically faster when SCFs are used rather than liquid solvents. The low viscosity and zero surface tension of SCFs give them superior wetting properties and better small pore penetration, resulting in properties comparable to gases and significantly better than liquids. This capability of SCFs can be used to advantage when solid surface/fluid interactions are important, such as extraction of constituents from solid matrices.
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The densities of SCFs are strongly influenced by temperature and pressure, particularly in the region close to the critical point. To a first approximation, solubility is a direct function of density. This property allows solubility to be controlled by relatively small changes in temperature or pressure. Similar control of solubility is not possible with either liquids or gases.
Much of the initial effort to commercialize SCF technology occurred in Europe in the 1970s. ' The fluid used in the majority of the early applications was carbon dioxide because it reaches supercritical conditions at moderate temperature and pressure (31°C and 1,072 psia), has negligible environmental impact, and is nontoxic, readily available, easy to handle, and inexpensive. These attributes make carbon dioxide especially attractive as an SCF solvent. Lowmolecular-weight organics, water, and other inorganics, such as ammonia and nitrous oxide, have also been studied. Vessel design restrictions have confined initial uses to batch operations, which limits process throughput. This throughput constraint, coupled with high capital equipment costs, has limited successful commercial applications of SCFs to date. Potential SCF processes must meet most of the following five criteria:
1.
A relatively low volume feedstock.
2.
A high unit value product.
3. Significant health or environmental issues associated with the use of alternative solvents.
literature on corrosion of iron alloys were taken under subcritical conditions. Electrochemical studies in supercritical water are rare. Some of the data available are from the power generation industry, 'geochemistry, and related fields;16-18 other data have been reported elsewhere in the Thus, the literature results were not directly applicable to the research program at SLRC or to the supporting research conducted at the INEL.
EXPERIMENTAL PROCEDURE Fluids
The two fluids of primary interest to the SLRC, carbon dioxide and water, were studied. Initial work used straight carbon dioxide as the fluid. In later studies, either 1 wt% water or 10 wt% methanol was added as an entrainer. Methanol was selected because SLRC was interested in using it or similar fluids to remove machining oil from alloy scrap to facilitate recovery of strategic constituents by recycling. Water was selected both because of its potential for greatly enhancing the solvent power of the fluid and because it is a constituent in many systems.
In addition to pure water, aqueous fluids containing low levels of various inorganic constituents were studied. These solutions included sulfuric acid, sodium sulfate, ammonium sulfate, and ammonium nitrate in concentrations ranging from 0.005M to 0.01OM. The aqueous studies provided experimental data for evaluating the predictions of high-temperaturehighpressure Pourbaix diagrams developed in the thermodynamic modeling by the University of Idaho.
Materials
Types 304 and 316 SS, commonly used in applications requiring corrosion resistance, were chosen for initial studies because they were the alloys employed by the SLRC. Test results for these materials provided baseline corrosion information against which the corrosion behavior of other materials could be compared. Iron was selected as the other material for study with carbon dioxide-based fluids. For water-based fluids, the two stainless steels, 1080 CS and pure iron, were studied.
Corrosion Monitoring Apparatus
For the studies in carbon dioxide-based fluids, corrosion was monitored by a combination of surface analysis techniques and an electrical technique, which will be discussed below. For waterbased fluids, electrochemical methods were the primary technique for assessing corrosion. The latter studies were supplemented by selected standard coupon studies conducted at the SLRC. The various studies will be discussed separately.
Test Loops for Carbon Dioxide-Based Fluids
Loop Design. The experimental system used for the initial studies was a closed, smallvolume, thermal loop developed specifically for these experiments (Figure 1) . The goal was to use off-the-shelf components that could be readily assembled. For safety reasons, cell volume was small, on the order of 100 mL or less. For simplicity and minimum cost, the cell operated as a filled with argon, was used to compensate for temperature fluctuations. After being filled, the two loops were clamped together so that they operated as a single unit. The ends of the specimens extended out of the loops through Conax connectors fitted with Teflon seals. The specimens were silver-soldered to short lengths of heavy-gauge copper bus wire to facilitate making low-resistance, mechanically robust electrical connections to the test specimens. At the bottom ends of the reference and test loops, the two bus wires were silver-soldered together, forming an interconnection between the two specimens that provided a common point for connecting the measuring instrument to both specimens. The specimens were cleaned with nonchlorinated organic solvents to remove all traces of oil and grease, air-dried, and then mounted in the loops prior to filling.
Pressure Testing and Loop Filling. Prior to use, each loop was pressure-tested with argon to ensure that the system was leak tight; if not, the loop was rebuilt and retested. The volume of each loop was calculated from the mass of argon required to produce a known pressure (around 1, OOO psig). Prior to filling, the loop was evacuated and flushed repeatedly with carbon dioxide. The loop was filled by transferring carbon dioxide from a 1-L reservoir to the loop. The transfer was achieved by immersing the cold leg in liquid nitrogen and condensing the carbon dioxide into the loop.
The reference loops were filled with high-pressure argon instead of carbon dioxide. F i l l pressure was determined by the anticipated loop operating conditions. The objective was to have similar temperatures and pressures in both loops of a duplex unit during testing.
Temperature Control. One leg of the test loop was heated to induce fluid flow and prevent stagnation. Several turns of a heating tape were close-wrapped around the bottom of the hot leg to produce a localized source of heat, and the remainder of the tape was open-wrapped up the hot leg to maintain temperature in the leg. Aluminum spacer blocks mounted between the test and reference loops on both the hot and cold legs provided mechanical support and thermal links between the loops to minimize temperature differences. Each pair of loops was enclosed in insulation to reduce heat loss and minimize temperature fluctuations within the system. Power to the heating tape was controlled by a variable autotransformer. For each loop, skin temperatures were monitored by strategically placed thermocouples attached directly to the outer surface. The temperature at the hottest point of the loop ranged from 170 to 250°C. The temperature gradient around each loop depended upon the manner in which the loop was insulated and the heat transfer properties of the fluid; neither was quantified.
Corrosion Monitoring. Specimen resistance was measured using the four-terminal technique. This technique, commonly used to accurately measure low-valued resistances, eliminates the errors introduced by meter lead resistance. With one set of leads, a current source is used to force a current through the unknown resistance, developing a voltage across it. The resulting voltage is measured with a high-input impedance meter using the second set of leads. The resistances of the reference specimen and the test specimen were each measured independently, but the ratio of their resistances was followed as a function of time. A variety of instruments were evaluated during the course of these studies. The best type of instrument for this application proved to be one that provides internal compensation for thermally generated contact voltages, eliminating them as an additional source of error in specimen resistance measurements. However, these errors should be small and essentially constant even if not compensated for since temperature variations at the contacts were small. Therefore, these errors should have been essentially compensated for by use of the resistance ratio technique.
Aqueous Corrosion Test Apparatus
Coupon tests were performed in the SCF extraction system at the SLRC. Electrochemical tests were performed using an experimental system designed and fabricated at the University of The latter system is a computer-controlled, flow-through system consisting of a highpressure pump for fluid delivery and system pressurization and a high-temperaturehigh-pressure potentiostat for electrochemical measurements. A heating tape was used as the heat source. The vessel was fabricated from Type 316 SS. Two Conax fittings were used for the connection between the potentiostat and the electrodes in the reactor. The fittings, using Lava sealants, are capable of operation at temperatures up to 980°C and pressures up to 10, OOO psig without loss of seal.
The pump, a reciprocating piston type, can handle a wide variety of solvents, generate pressures up to 6,000 psi (about 400 atm), and be accurately controlled at flow rates between 46 and 460 mL/h. The pump has a sapphire plunger and ruby ball check valves. The fittings used employ a reverse-threaded ferrule instead of a compression-type ferrule for sealing. The threaded ferrule permits operation at temperatures over 540°C (high temperatures do not affect the positioning of the ferrule on the tubing). In addition, these fittings provide a more reliable seal when repeatedly assembled and disassembled. A pressure transducer and a thermocouple probe were incorporated. A PC program was developed to control the system using the signals from the transducer and the thermocouple to control the pump and the heating tape.
The reference electrode used was an internal, silver-silver chloride type, based on a design by A. K Agrawal et al." The concentration of the KCl solution in the electrode for this study was 0.1M. Additional details of electrode design, operation, and calibration are discussed elsewhere. 24-26
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Analysis Carbon Dioxide Tests
On selected tests, fluid samples were analyzed by mass spectrometry for carbon monoxide that might have formed as a byproduct of carbon dioxide decomposition during corrosive attack The results obtained were compared to those from the carbon dioxide starting fluid.
In addition, selected samples of the various materials under study were submitted for scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS) analysis.
These samples included not only sections of the wire specimens, but also sections of the loops. Separate samples were submitted for Auger electron spectroscopy after ultrasonic cleaning in methanol. Depth profiles were performed under the same sputtering conditions to provide consistent results for comparison. Extended sputtering, to reach substrate composition, was performed on samples immediately above the hottest zone to obtain an assessment of the relative total thickness of the surface oxide layer.
SLRC Corrosion Coupons
For the tests performed at the SLRC, the coupons were allowed to air dry after each test, but were not cleaned before being transported back to the INEL. Samples of the feed and effluent solutions were collected during each run for analysis by inductively coupled plasma spectroscopy. The wash solution from each test, i.e., the aqueous liquid collected after each test when the lines and reactor vessel were cleaned with 10% (vh) nitric acid, was also collected. A l l coupons were reweighed before cleaning. Selected coupons were submitted for S E W D S analysis before cleaning.
Electrochemistry Experiments
Polarization curves (current density versus applied potential) were obtained by scanning the applied voltage while operating the computer and the potentiostat remotely. The effect of the internal resistance drop in pure water was determined by comparing the results obtained with pure water to those with a 0.005M Na2S04 solution at the same supercritical conditions. Polarization curves for both fluids were similar in shape except that the current density for pure water was less than that for the sodium sulfate solution, and the curve for pure water had a larger potential range. Nevertheless, the effect of the internal resistance drop should be quite small when the current density is close to zero, assuming the dilute sodium sulfate solution is inert to the redox reaction on the working electrode surface. Within the overpotential range of 20.2 mV, the measured current density was low, justifying this assumption. The two polarization curves coincided in this region.
The polarization curves indicated that a high scanning rate affects the current density. This phenomenon can be related to the capacitance effect of the electric double layer on the working electrode surface. It can be shown that if the scanning rate is low enough, the time increment between each deviation of the applied potential is much larger than the characteristic relaxation time, so that the output current density of the polarization curves will not be affected by the scanning rate. The experimental results showed that the appropriate scanning rates are those smaller than 10 mV/s; therefore, the scanning rate applied for this study was 5 mV/s. Further discussion of these studies has been presented elsewhere.
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MODELING
Thermodynamic modeling of the corrosion process in supercritical aqueous systems was selected as the focus of the modeling studies because of the potential for applying the results to a broad range of high-temperaturehigh-pressure processes. Such processes include power generation, geochemistry, hydrothermal crystal growth, desalination, geothermal utilization, extractive hydrothermal metallurgy, and conversion of fossil fuels. The primary objective was development of a PC-based thermodynamic model for predicting behavior of materials under SCF conditions in aqueous systems. The thermodynamic analysis should provide information on the stable species, such as corrosion products, at given conditions of temperature, pressure, and system composition. The model is based on Pourbaix diagrams, potential versus pH diagrams, extrapolated to SCF conditions. The results of the experimental studies in aqueous systems, both electrochemical and coupon tests, were used to evaluate the model. Thermodynamic property data for chemical species at high temperatures and high pressures are not extensive. Fortunately, extrapolation of thermodynamic properties from ambient to elevated conditions provides a method of conducting the thermodynamic analysis, though the reliability of the analysis is dependent upon the accuracy and reliability of the extrapolation techniques employed. A detailed review of these methods as applied to the prediction of Pourbaix diagrams at elevated conditions is available.28
The Pourbaix diagram, a graphical presentation of stable species within a pH-potential region, is a valuable tool for analyzing the electrochemical equilibria in aqueous systems. With this diagram, the reaction products under given conditions can be determined. For example, if a redox-reaction product of a metal is a soluble ionic species, its solid oxide would not be expected to be a stable species; therefore, passivation of the metal in such conditions is impossible. The diagrams for various metals and their oxides at room temperature are widely available. A PC program was developed to calculate and plot pH-potential diagrams for systems consisting of two elements, one metal and one nonmetal, in the presence of water at 25°C and at specific activities of the species. The diagram is in the form of an array of symbols representing the fields of stable species. For thermodynamic analysis of the corrosion of iron alloys in supercritical water, the program was modified based on standard thermodynamic property extrapolation methods to produce the corresponding Pourbaix diagram at the required temperature and pressure.
The development of the calculations is based upon the following general chemical reaction at equilibrium:
where M(1) and M(I1) represent species containing the given metallic element M in different oxidation states, I and II; ni is the stoichiometric coefficient of species i; and L represents the general nonmetallic species with a charge ZI At constant temperature and pressure, the equilibrium condition is expressed as "H "W "L M; = AGO + RT In ($; : fff" aH aw aL = o where R is the ideal gas constant, T is the absolute temperature, ai is the activity of species i, and f,-, is the fugacity of oxygen above the solution. In this expression, AGO is the standard Gibbs free energy change for the reaction, which is given by the following equation:
where poi is the standard chemical potential of the corresponding species at the given temperature and pressure. where pi is the chemical potential, T is the system temperature, P is the system pressure, the superscript denotes the thermodynamic properties at the reference state (e.g., at To and Po), si is the specific entropy, vi is the specific volume, (aSi(T,P0)/ar), is cp(T,Po)/r with cp being the specific heat at constant pressure, api is the coefficient of thermal expansion, and pTi is the isothermal compressibility.
Equations (2) through (4) can be combined to obtain the value of the reaction equilibrium constant at any specified conditions. For Pourbaix diagrams, the boundary between two regions with different predominant species is taken as the straight line resulting from setting the activity ratio of the two species equal to 1 in the equilibrium constant. A detailed discussion of the calculation procedures and general information on preparing Pourbaix diagrams can be found in various source^.^^^^ Additional discussion and details of the present calculations, including assumptions used in estimating entropies and the specific volume of water, have been presented elsewhere. 31-32 The results obtained with the model will be discussed below.
In the calculations, the fourth term of Equation (4) was neglected, since the contribution of this term to the total value of chemical potential is only about 10% for anionic species containing oxygen, and even less for other anionic species. The temperature and pressure dependency of the coefficient of thermal expansion, etPL and the isothermal compressibility, PTi, up to elevated conditions are seldom available. Their contribution to the chemical potential value is usually small, except for water near its critical point. Therefore, it was assumed that the terms of Equation (4) involving these parameters for all species other than water are negligible. In other words, the volumes of solid species were regarded as constant, and the volumes of species in aqueous solutions were considered to be the same as water. T h i s assumption is adequate because the concentrations of corrosion products in solution are usually very low.
RESULTS AND DISCUSSION
Carbon Dioxide .
Overall, the results indicate that lower-grade alloys, such as carbon steels, would be candidate materials of construction for use with straight carbon dioxide as a fluid, and Type 304 SS would be a suitable candidate for use with carbon dioxide mixtures containing either water or methanol. Table 1 summarizes the conditions of the corrosion tests conducted with straight carbon dioxide as the fluid. Only limited corrosion of Type 304 SS occurred in carbon dioxide. Limited general surface oxidation was observed for both Types 304 and 316 SS, and some pitting was observed in Type 316 SS at sharp corners where fluid flow changed direction. The implied corrosion rates were low, precluding unambiguous assessment of corrosive attack using the fairly gross techniques afforded by surface examination. From the continuous corrosion monitoring tests, the corrosion rate for Type 304 SS was calculated at 0.05 mil per year. For iron, corrosion rates ranging from 0.1 to 0.4 mil per year were obtained; although low, these corrosion rates are approximately two to ten times higher than those for stainless steel. Tests with Type 304 SS and mixtures of carbon dioxide containing either 1 wt% water or 10 wt% methanol had corrosion rates of 0.02 and 0.001 mil per year, respectively. That the corrosion rates observed in mixtures were apparently lower than in unmodified carbon dioxide can be ascribed to the limited number of tests conducted with mixtures; statistically, these results are equivalent to those for unmodified carbon dioxide. The test conditions are summarized in Table 2. EDS analyses of samples sectioned from the loops indicated minor amounts of sulfur, chlorine, and calcium in the Type 304 SS samples that were not present in the reference material. However, EDS did not indicate corrosive attack of Type 304 or 316 SS by the SCF carbon dioxide environment; the inherent surface roughness of the samples completely masked the limited corrosion that occurred. Auger analyses showed that the surface oxide films had significant concentrations of carbon as well as trace amounts of chlorine and sulfur. The chlorine was most probably from contamination. The sulfur may have been either surface contamination or a minor constituent of the alloy. Three primary sources for the carbon were identified surface contamination from the environment, minor alloy constituent, or product of the decomposition of the carbon dioxide fluid during corrosion. The carbon concentrations were highest in the hottest regions of the loops, whereas the concentrations of chlorine and sulfur were higher in the cooler portions of the loops.
Auger depth profiles for all the samples were similar. The oxygen sputtered off more rapidly from the reference sample than the other samples, showing that some corrosion occurred during the test. The oxide layer on the reference samples was ascribed to exposure to the atmosphere. Differences in the thicknesses of the oxide films among test loops were ascribed to differences in the surface roughnesses of the tubing used to fabricate the loops. The oxide film thickness was not related to alloy or temperature.
Carbon monoxide was not detected in the fluid either before or after testing, precluding decomposition of CO, with the intermediate formation of CO as a significant corrosion mechanism. 
I Aqueous Tests Modeling
Since chromium is a major component in iron alloys, the pH-potential diagrams for both iron and iron-chromium were generated. The diagrams for iron and iron-chromium in water at its critical point and at ambient conditions are shown in Figure 2 . The Y-axis values of potential are relative to the standard hydrogen electrode. All dissolved species have been taken at unit activity.
In the diagrams, a solid line indicates the border between two species. The area between the two diagonal dashed lines is the stable region of water. Above the upper line, water is oxidized to oxygen; below the lower one, it is reduced to hydrogen. Figure Za , the Pourbaix diagram for iron/water at atmospheric conditions, indicates that (a) for pH 7 water, iron metal is the stable species for electrochemical potentials below about -0.6 V, (b) passivation (formation of a stable oxide film) would occur between -0.6 and +1 V, and (c) above -1 V, active corrosion (formation of Fe042-) would occur. Consequently, moderate corrosion rates (in the absence of oxygen) are anticipated. Figure 2b is the Pourbaix diagram for iron at supercritical water conditions. Because both the noble (iron metal) and active corrosion (Fe02.) regions have shifted to lower potentials, one would expect accelerated corrosion under supercritical water conditions. The effect of chromium on the corrosion behavior is seen in Figures 2c and d . At atmospheric conditions, passivation (formation of an insoluble chromium oxide) occurs over much of the intermediate H region (pH 6 to 11). At supercritical fluid conditions, active corrosion chromium is apparently lost at supercritical water conditions due to the formation of soluble species.
[formation of (CrO, P )] occurs in most of this intermediate region. Thus, the passivation due to Pourbaix diagrams, presented in Figure 3 , were also generated to depict the effect of increasing concentrations of ionic chromium species (for activities ranging from 1 to 1 x lod). Near pH 7 and for potentials between the breakdown potentials of water, the region for solid chromium oxide decreases with decreasing activity and the stability region for ionic chromium species increase, again indicating loss of passivation. For the solid oxides, the region at an activity of 1 is smaller for supercritical conditions than ambient, and an activity of 1 x lo4 no longer exists. As the concentration decreases, the insoluble chromium oxide (Cr203) gives way to a soluble ionic chromite (CrOi) species, which is a further indication that loss of passivation is probable at SCF conditions because the behavior is exhibited over such a wide range of concentrations. Thus, enhanced corrosion of stainless steel alloys is expected in the supercritical region in spite of their chromium content.
Finally, Pourbaix diagrams were prepared for a variety of sulfur species and different concentrations of ionic species. The diagrams for the sulfide species (reducing environment) indicate that iron sulfide is a stable species at ambient conditions, whereas iron oxide and ferrite ion are stable at supercritical conditions. This indicates that pyritic materials may be decomposed at supercritical water conditions and that iron passivation may also be decreased (much more of the region is occupied by the ferrite ion). (The decomposition of pyritic materials has hydrometallurgical implications but is not directly related to corrosion.) For oxidizing conditions and 220 atm): (a) activity is unit value for all species, @) activity is 10" for species in solution, (c) activity is lo4 for species in solution.
14 in the iro&ater/sulfate and ironhater systems, sulfates do not appreciably affect corrosion for either ambient or supercritical conditions.
Electrochemical
Experimental measurements are consistent with the theoretical predictions, indicating increased corrosion at supercritical temperatures and pressures relative to atmospheric conditions. Polarization curves were obtained for pure iron, 1080 CS, and Types 304 and 316 SS near the critical point of water. Loss of passivation was indicated by the curves for 304 and 316 SS. Based on the discussion of the internal resistance drop in the analysis section, the potential range used for fitting the model was selected as Eo k 0.2 V.
Although the exchange current density of pure iron is three times larger than that of stainless steel at ambient conditions, they are comparable at supercritical conditions. There appears to be a maximum value of the exchange current density around the critical temperature of water for each of the materials investigated. This maximum may be due to the change in dielectric constant and conductivity as the critical point of water is passed. Polarization curves also showed that the passivation-voltage ranges for the stainless steels near the critical point are much smaller than those at ambient conditions. This observation indicates that passivation may be lost around the critical point. A detailed study of 304 SS was conducted from ambient to supercritical conditions (temperature up to 530°C and pressure up to 300 atm). A plot of exchange current versus temperature showed that at a fixed pressure, the exchange current density increases exponentially with temperature up to the critical point, reaches a maximum, and then decreases. Comparison of calculated exchange current densities at 230 atm compared with the experimental values shows a deviation between the experimental result and the model value of less than k0.002 Man2 under supercritical conditions. Based upon the electrodics, the exchange current density is related to the activation energy?3 Assuming an Arrhenius-type relation for the effect of temperature upon corrosion rate, the quantities analogous to activation energy range between 4.30 and 6.44 kcal/mol. The literature indicates that activation energies for mass-transfer-limited processes range between 1 and 3 kcaVmo1 and for reaction-limited processes between 10 and 20 kcal/mol.34 Based upon this criterion, the observed corrosion of 304 SS in pure water lies between the mass transfer and reaction rate limited cases. Cr203, Fe203 (hematite) and Fe304 (magnetite) are the oxidation products at ambient conditions, while CrOZ-and Fe203 are predicted to be the primary corrosion products at critical conditions. Thus, chromium may join in the formation of the passivation film for iron alloys at ambient conditions, but at supercritical conditions, this passivity is lost due to the formation of a soluble oxidation product of chromium. This result is consistent with the phenomenon observed in the polarization analysis of pure iron and 304 SS as discussed above, where the exchange or corrosion current density of 304 SS was found to be one-third that of pure iron at ambient conditions and comparable to it at supercritical conditions. In addition, the measured open circuit potential falls inside the calculated stable region of water, providing further indication that the electrochemical measurements are consistent with the thermodynamic predictions. Further details of these experimental studies are available e l s e~h e r e .~~~~~~
SLRC Corrosion Coupons
A single coupon, in the form of a long strip of mill-finish Type 316 SS, was used in each of the first series of tests performed by SLRC personnel. Corrosion occurred during the tests as evidenced by a substantial oxide layer that did not readily sputter off. Samples were also submitted for SEM/EDS analyses. Evidence of intergranular corrosion was noted for all samples. The analyses obtained were in good agreement with the nominal composition for all constituents with the exception of molybdenum; the results for this element were consistently higher than the nominal value. This fact is significant in light of the results obtained from the later testing discussed below.
The coupons from the second series of tests were all discolored and darkened by exposure to the test environments regardless of the feed solution composition. All coupons showed small weight gains except the Type 304 SS coupons from the run that used a dilute sulfuric acid fluid; these samples showed a net weight loss. Typically, weight changes were very small and approached the limit of precision of the balance used.
Selected samples were submitted for SEMEDS analysis before cleaning. Some intergranular corrosion was evident. This type of corrosive attack may be inherent to exposure of the stainless alloys to the supercritical media or it may be related to sensitization of the materials. Varying amounts of surface deposition or scaling were noted on all coupons. In most cases, the weight loss attributable to loss of material by intergranular corrosion was more than offset by the weight gain from the surface deposition, and a net weight gain resulted. However, the Type 304 SS coupons from the sulfuric acid run experienced a net weight loss.
The EDS analyses were in agreement with the nominal alloy composition for all constituents reported except for molybdenum, which was found at two to three times higher levels than expected for all samples. To determine if these high molybdenum levels were a surface phenomenon or were related to the bulk composition, the edge of one sample was examined by EDS at four locations from the surface toward the center. The values ranged from 0.3 wt% molybdenum in the bulk of the sample to 23 wt% at the surface; the surface value is significant. Possible sources of this contamination are discussed below.
The fluid pH was measured at the conclusion of each test, at ambient temperature and after the fluid had been exposed to air. The inductively coupled plasma spectroscopy analyses were limited to the major alloy constituents (iron, chromium, nickel, manganese) and molybdenum and sulfur. Contamination in the feed solutions was undetectable. As anticipated, all effluent and wash fluids contained major alloy constituents at varying levels, picked up as corrosion products during testing. In addition, all the samples had detectable levels of molybdenum, the presence of which is consistent with the results of the coupon analyses. The concentration of molybdenum ranged from 4 to 20 ppb, significantly above the undetectable levels of the feed solution. The source(s) of the molybdenum contamination observed during the tests were not isolated. A possible source of molybdenum could be selective leaching from the Type 316 SS components of the experimental system. The analytical results for sulfur, expressed as an element, showed a significant decrease in levels between the feed and the effluent, which is consistent with the observation of precipitate formation and the semiquantitative nature of the sulfur analyses. (All effluent and wash samples collected, including those from the run with ammonium nitrate feed, contained yellowish turbidity and larger yellowish solids that settled out during each test. The sulfur values are only semiquantitative because of the presence of these solid sulfur precipitates.)
The results of these limited coupon studies are consistent with both the thermodynamic predictions and the electrochemical studies discussed previously.
CONCLUSIONS
A PC program was developed for electrochemical equilibria calculations and graphical pHpotential diagram presentation of a one-metal/one-nonmetalhvater system. The program can be used for temperatures and pressures exceeding the supercritical point of water. The calculations show that hematite (Fe203) is the oxidation product of iron in supercritical water, and the oxidation product of chromium in supercritical water is an ionic, water-soluble species, either CrO2-or CrO;. Thus, the passivation effect of chromium is lost in supercritical water. A general method for extrapolating entropies and other related thermodynamic properties to the evaluated temperatures was developed. The model is potentially applicable to a wide variety of aqueous processes under extreme conditions, such as in the fields of power generation, geochemistry, hydrothermal metallurgy, hydrothermal crystal growth, corrosion, and conversion of fossil fuels. Currently, the application of the model is limited by lack of thermodynamic data on species of interest. Thermodynamic predictions were consistent with experimentally measured corrosion rates and open circuit potentials. The results indicate that enhanced corrosion of stainless alloys containing chromium may be expected in supercritical water. These corrosion rates appear comparable to those for mild steel or iron. The agreement between the predictions of the model and the experimental results indicates the success of the model in its current state of development as well as its potential.
The exchange current density, open circuit potential, and transfer coefficients were calculated for different alloys around the supercritical point of water. Passivation of Types 304 and 316 (UNS S30400 and S31600) SS appears to be lost around the critical point. Extensive experiments were conducted on 304 SS in the supercritical region. Based upon the Arrhenius relation for the corrosion rate, the activation energy for corrosion of 304 SS in supercritical pure water fell between values corresponding to mass transfer limited and reaction rate limited processes.
As part of the experimental system for electrochemical measurement, a silver/silver chloride reference electrode was developed and successfully used at supercritical water conditions. This electrode potentially provides an additional means of monitoring aqueous processes in similar severe service conditions. For carbon dioxide-based SCFs, measured corrosion rates were low, indicating that carbon steel would be suitable for use with straight carbon dioxide, while Type 304 SS would be suitable for carbon dioxide modified with either water or methanol.
